We determined the crystal structure of Thr1, the self-standing adenylation domain involved in the nonribosomal-like biosynthesis of free 4-chlorothreonine in Streptomyces sp. OH-5093. Thr1 shows two monomers in the crystallographic asymmetric unit with different relative orientations of the C-and N-terminal subdomains both in the presence of substrates and in the unliganded form. Cocrystallization with substrates, adenosine 5 0 -triphosphate and L-threonine, yielded one monomer containing the two substrates and the other in complex with L-threonine adenylate, locked in a postadenylation state. Steady-state kinetics showed that Thr1 activates LThr and its stereoisomers, as well as D-Ala, L-and D-Ser, albeit with lower efficiency. Modeling of these substrates in the active site highlighted the molecular bases of substrate discrimination. This work provides the first crystal structure of a threonine-activating adenylation enzyme, a contribution to the studies on conformational rearrangement in adenylation domains and on substrate recognition in nonribosomal biosynthesis.
Introduction
Nonribosomal peptide synthesis is involved in the production of most peptide and peptide/polyketide hybrid secondary metabolites of microbial origin, a class of natural compounds that includes drugs such as teicoplanin, cyclosporine, vancomycin, bleomycin, epothilone as well as lead compounds for the search of new therapeuticals [1] . The formation of the peptide moieties requires the participation of nonribosomal peptide synthetases (NRPSs), multidomain, and multifunctional enzymes organized in modules, which carry out single elongation cycles. The modules are, in turn, composed of domains, which catalyze the specific reactions required for the insertion of each amino acid into the growing peptide chain. The NRPS adenylation domain (A) catalyzes the adenosine 5 0 -triphosphate (ATP)-dependent adenylation of a specific amino acid and its transfer to the phosphopantetheine arm of the thiolation domain (T). The formation of the peptide bond is promoted by a condensation domain (C) and the release of the product occurs, in most cases, by the action of a thioesterase domain (Te) [2, 3] . The presence of noncanonical amino acids, mostly formed by the action of specific tailoring domains, contributes to the structural diversity of nonribosomal peptides. An example is the bioactive amino acid 4-chlorothreonine which is a component of one of the forms of the anticancer agent actinomycin produced by Streptomyces fradiae [4] and also of lipodepsinonapeptides produced by Pseudomonas syringae, syringomycin [5, 6] , and its structural analogues syringotoxin [7] , pseudomycin [8] , syringostatin [6] , and cormycin [9] . 4-chlorothreonine is also secreted as a free amino acid by Streptomyces sp. OH-5093 [10] . It shows antifungal activity in the free form, and is also relevant for the antifungal activity of P. syringae lipodepsinonapeptides [11] . Moreover, this amino acid was also considered a potential antitumor agent since it can act as a mechanism-based inhibitor of hydroxymethyl transferase [12] .
The biosynthesis of 4-chlorothreonine was studied in P. syringae [13] [14] [15] and in Streptomyces sp. OH-5093 [16] . In both systems threonine is activated by a two-step adenylation-thiolation sequence (A-T sequence). Subsequently, the methyl group of threonine tethered to the thiolation domain is chlorinated by a Fe(II) nonheme halogenase. However, the domain organization is different in the two systems: in P. syringae A and T form the didomain module (A-T) SyrB1 [17] , while in Streptomyces sp. OH-5093 they are self-standing proteins, Thr1 and Thr2, respectively [16] .
Nonribosomal peptide synthetase adenylation domains belong to the superfamily of adenylate-forming enzymes (ANL), which also comprises the acyl-and aryl-CoA synthetases/ligases and the firefly luciferase. These proteins share several common features in the fold and in the mechanism of action although their sequence conservation is limited and their substrates are chemically different. The acyl-or aminoacyl-moiety is activated in a two-step pathway. The first step, common to all the members of the ANL family, is the ATPdependent formation of the adenylated substrate with the release of pyrophosphate (PPi). The second step of the catalytic cycle, the formation of a thioester bond, is specific for the members of each subfamily: in NRPSs the aminoacyl moiety is transferred onto the phosphopantetheine arm of the thiolation domain and in the acyl CoA synthetases the acyl group is transferred to a CoA thiol group. In the case of firefly luciferase the acyl moiety undergoes an oxidative decarboxylation [18] .
Crystallographic studies of a number of ANL proteins revealed the presence of a larger N-terminal and a smaller C-terminal subdomain, with the active site at the interface between them [19, 20] . Different subdomain orientations are in most cases associated with various steps of the catalytic cycle, namely the binding of substrates, formation of the acyl-or aminoacyladenylate and transfer onto the thiol-containing moiety [21] [22] [23] . This 'domain alternation' mechanism allows to reconfigure the active site which is used for catalysis of the two partial reactions since, following the adenylation reaction, the C-terminal subdomain rotates and the enzyme switches to a thioester-forming conformation in which the reaction intermediate is protected from the solvent and can be transferred to the thiol-containing moiety [24] [25] [26] [27] . Moreover, conformations different from the above-mentioned states have been observed in several systems, including the NRPS adenylation domains of the surfactin synthetase termination module [28] and of the siderophore synthesizing enzyme SidN [29] .
Structural and functional studies on the ANL enzymes allowed to get an insight into the mechanism of action and into the molecular bases of substrate specificity, also highlighting features to be clarified. The substrate specificity of NRPS adenylation domains was shown to be correlated with a set of 10 residues lining the active site, which are the main determinants of the recognition of an amino acid substrate. This 'nonribosomal code' is degenerated, since the set of specificity conferring residues varies among the single enzymes activating the same amino acid. Moreover, exceptions to the NRPS code have been found [30] .
The aim of our work is to characterize the selfstanding adenylation domain Thr1 from the multienzyme NRPS-like system involved in the biosynthesis of 4-chlorothreonine in Streptomyces sp. OH-5093. We report the structure of recombinant Thr1, in the ligand-free form and in the presence of its natural substrates, adenosine triphosphate and L-threonine. These structures, in conjunction with kinetic parameters, allowed us to pinpoint the structural bases of substrate recognition by Thr1.
Results

Description of the overall structure
The Thr1 adenylation domain crystallized both in the presence and in the absence of substrates. Ligand-free (pdb: 5N9W) and ligand-bound (pdb: 5N9X) forms are isomorphous, with two molecules in the asymmetric unit, monomers A and B. In the crystal structure of Thr1 obtained in the presence of L-threonine and ATP, monomer A contained the two substrates, while in monomer B the reaction product, L-threonine adenylate (A-Thr) was observed. Analysis of the protein interfaces in the asymmetric unit, performed using the 'Protein interfaces, surfaces and assemblies' service PISA (http://www.ebi.ac.uk/ pdbe/pisa), did not show specific interactions that would indicate the formation of stable dimers, with a total buried area of~700 A 2 , and a Complexation Significance Score (CSS), which indicates how significant for assembly formation the interface, is equal to 0.000 [31] . Moreover, in order to determine the oligomerization state of Thr1 in solution we performed gel filtration and ultracentrifugation analyses, which showed a monomeric form in the conditions explored (50 mM HEPES pH 7.5 and 150 mM NaCl, Fig. 1 ).
Thr1 shares the topology of the ANL family, containing two subdomains [18] , a N-terminal one of 422 residues and a C-terminal one of 105 residues, with the active site located at the interface between them ( Fig. 2A) . Rotation of the two subdomains around a conserved aspartate residue, Asp423 in Thr1, which acts as a hinge, causes switching between the conformational states. Upon phasing by molecular replacement, the initial density deteriorated in the region downstream this aspartate in monomer B. This indicates that in both Thr1 structures, ligand-free and cocrystallized with the substrates, one of the two molecules in the asymmetric unit is not in the adenylate-forming conformation adopted by the search model CytC1 (pdb: 3VNQ) [32] . The C-terminal subdomain (aa. 424-529) of this monomer was therefore removed and built manually. The final models refined to R and R free values of 20.1 and 27.0% for the unbound Thr1 and to R and R free values of 20.3 and 27.6% for the ligand-bound structure (Table 1) , respectively. The first 14-17 N-terminal residues, depending on the crystal form, are missing in all models due to insufficient density. Nearly complete models of Thr1 were built with good geometry (Table 1) . Some loops show weak electron density. Remarkably, the S168-K175 loop (the so-called P-loop) of monomer A in the Thr1 unliganded structure is completely disordered, whereas in monomer A of the ligand-bound structure it shows a double conformation. Moreover, in monomer B of both structures the P-loop is ordered and clearly visible.
The overall fold of Thr1 in monomer A is depicted in Fig. 2A ; the highly conserved regions (A1-A10) among members of the ANL superfamily are also highlighted and described below. The sequence alignment and the secondary structure are shown in Fig. 2B . The aspartate residue in position 423, within the A8 motif, forms a hinge that bridges N-and C-terminal domains and acts as a pivotal point for interdomain structural dynamics. A lysine residue (K515) in the A10 motif was shown to be important for the adenylate-forming half-reaction. The A5 motif, bearing the sequence YGITE (311-315), is located in the ATP-binding pocket. Another motif with a highly conserved sequence is the A3 one, a Ser/ Thr-rich region involved in orienting the three phosphates of ATP prior to the first half-reaction. This phosphate-binding loop (S168-K175), located at the entrance of the catalytic pocket, rearranges upon ATP binding [33] . The A4 motif of the ANL enzymes contains an aromatic residue that plays a role in the conformational dynamics, Phe211 in Thr1, which exhibits distinct side chain torsional rotations in the two conformational states observed, as detailed below. Lastly, the A9 motif contains the core sequence (LPSYMQP, 493-499), shown to be relevant for the transfer of the activated amino acid to the thiolation domain [34] . Motifs A1, A2, A6 are distal from the active site and have structural roles.
Description of the active site of Thr1 bound to L-Thr and ATP
The crystal structure of Thr1 bound to L-threonine and to ATP, which we indicate as ATP-Thr (monomer A in the pdb file 5N9X), provides a detailed view of the active site ( Figs 3A and 4A) , and of the interactions established with the nucleotide triphosphate and the substrate amino acid, mainly due to residues within the large Nterminal subdomain. However, we also observed that charged residues from the C-terminal subdomain make some key polar interactions both with L-threonine and ATP fixing their position in the active site.
The ATP molecule is stabilized in the active site by interactions involving the adenine base, the ribose, and the triphosphate moiety. The adenine base is tightly held between the main chain carbonyl groups of Glu286 and Lys287. Its amino group interacts with the main chain carbonyl of Met310 and the side chain of Asn309, the purine ring N1 and N7 form hydrogen bonds with the side chain of Glu286 and the main chain NH of Gly285, respectively (Fig. 4A) . The sugar position is fixed by Asp406 side chain, which forms Hbond interactions with the O2 0 and O3 0 hydroxyl groups, and by the side chain of Arg421, which forms a hydrogen bond with O3 0 hydroxyl. Moreover, the side chain of Arg421 electrostatically interacts with the side chain of the hinge amino acid Asp423. A magnesium ion is present, coordinated by the b-and c-phosphates (O1b, O1c) of ATP and the O3 0 of the ribose moiety.
The ATP molecule is further stabilized by two hydrogen bonds formed between O2c and O3c of the nucleotide triphosphate and the side chain of Thr167 and Ser168, the first two amino acid residue of the P-loop, as well as by the interaction with Lys 175, located at the end of the P-loop. The e-amino group of Lys515 contributes to the stabilization of ATP by forming hydrogen bonds with O4 0 ribose ring oxygen (3.50 A) and with O5 0 ribose phosphoester oxygen (3.14 A). Moreover, this lysine is found at 2.59
A from the L-threonine carboxyl group, in agreement with the established catalytic role of this highly conserved residue of the NRPS adenylation domains [30] . Therefore, Lys515 contacts both reactants, poised to bridge the nucleophilic attack of the threonine carboxyl on the ATP a-phosphate (Figs 3A and 4A). Moreover, an interaction of Lys515 with the main chain carbonyl of Gly285 is observed. The L-threonine carboxyl group is located at 2.77 A from the ATP a-phosphate, preluding to bond formation. L-threonine is further stabilized in the active site by the 511-515 loop and by Phe211, located at van der Waals distance from its methyl group. The L-threonine amino group is fixed by a salt bridge with Od 1 of Asp212 (2.65 A) and a hydrogen bond with the main chain oxygen of Val318 (3.05 A). Moreover, a water molecule bridges the L-threonine hydroxyl group by hydrogen bond interactions with the His119 side chain and the main chain carbonyls of Met310, Val318, three of the specificity conferring residues. Lastly, the methyl group of L-threonine is in van der Waals contact with other two specificity conferring residues, Phe213 and Gly284.
Description of the active site of Thr1 bound to Lthreonine adenylate
The active site in the B monomer of Thr1 cocrystallized with ATP and L-Thr shows density for Thradenylate (A-Thr), with an unambiguous phosphoric anhydride bond between adenosine monophosphate (AMP) and L-threonine and no density for the ATP band c-phosphates (Fig. 3B) . The adenine base, the ribose ring and L-threonine maintain some of the interactions observed in the substrates-bound ATP-Thr monomer, and establish new ones, as shown in Figs 3B and 4B: (a) Arg421 now interacts with O2 0 and O3 0 hydroxyls of ribose; (b) due to the formation of A-Thr the interaction between the L-threonine carboxyl group and Lys515 Ne is lost, but the interactions with the ribose oxygen O4 0 and main chain Gly285 are maintained; (c) the anhydride oxygen of the A-Thr forms new hydrogen bonds with Oc and main chain NH of Thr314; (d) the phosphate group is fixed by hydrogen bonds between its oxygen atoms and the side chains of Thr167 (P-loop), Thr314 and Asn513; (e) the L-threonine hydroxyl group forms two new stabilizing interactions with the main chain NH of Gly285 and the main chain carbonyl of Gly312.
The comparison between the substrates and the product containing monomers A and B of Thr1 allowed us to envisage the structural trigger of the rearrangement of the N-and C-subdomains upon the catalytic event. We observed that, as a consequence of the anhydride bond formation, the remaining phosphate, the ribose moiety and L-threonine move, displacing the side chain of Arg421 which, in turn, shifts the hinge residue Asp423, thus inducing the 20°rotation of the C-domain (Fig. 5) .
Moreover, a water molecule establishes a H-bond between the Arg421 side chain and the NH of Thr170 in the P-loop, which becomes less mobile. The side chain of Phe211 is flipped out of the active site by the shift of the L-threonine molecule, in conjunction with the 511-515 loop displacement and the movement of the P-loop, stabilizing the product A-Thr in the active site (Fig. 6) . Moreover, the Nd 2 of Asn513 establishes a H-bond with oxygen of the A-Thr a-phosphate and, at the same time, Od 1 of Asn513 forms a H-bond with the NH of Ser168 in the P-loop. An additional interaction is formed between Oc of Ser168 and the Oc of Thr511 (Fig. 4B) . These novel interactions of the 511-515 loop with the P-loop, triggered by the anhydride bond formation and in conjunction with the departure of the PPi group, induce the stabilization of the P-loop which becomes ordered, with a clear density.
Description of the active site of ligand-free Thr1
The presence of the A and B monomers with different conformations in the asymmetric unit is observed also in the structure of ligand-free Thr1. Monomer B is in the conformation found in the product-bound Fig. 4 . Schematic representation of the interactions in the active sites of the substrate-bound (A) and product-bound (B) monomers in ligand-bound Thr1 structure. The diagram has been generated using the graphical interface Maestro of the software Schr€ odinger [57] . Hydrogen bonds between the protein and the ligands are drawn with an arrowhead corresponding to the direction of the hydrogen bond. Hydrogen bonds between residue side chains are shown with dotted lines. Hydrogen bonds to the protein backbone are drawn as continuous lines. Residues involved only in van der Waals interactions are shown but their contacts are not explicitly drawn.
structure and contains an acetate (ACT) ion in the binding site of L-threonine, which forms an H-bond with Asp212 side chain and with the main chain NH of Gly285. A water molecule mediates H-bonds with Met310 and His319 mimicking the interactions of these residues with the substrate amino acid (Fig. 7A) . The conformation assumed by the P-loop (168-175) and by the 511-515 loop corresponds to the one observed in the product-bound conformation. Notably, the side chain of Phe211 points out of the binding pocket, a conformation that is observed in the A-Thr bound protein and that is likely to trigger the concerted movements of the P-loop and of the 511-515 loop. However, in the absence of the product, the side chain of the catalytic Lys515 is disordered and the specific contacts established between the two loops are different from those observed in the A-Thr-bound enzyme: Asp423 interacts with the Oc of Thr170 in the P-loop, the Ne ο/ Arg421 establishes an H-bond with the side chain of Asp406, fixing the Arg421 side chain conformation. Thus, the electrostatic interaction between Arg421 and Asp423 is still present and the Csubdomain is rotated by about 20°.
The binding site of monomer A of the ligand-free Thr1 is empty, except for few water molecules. The side chain of Phe211 points toward the empty binding site and the side chain of the catalytic Lys515 is disordered. Moreover, the density for the P-loop is poor, and we could not model it. The C-and N-subdomainrelative arrangement corresponds to the one observed in the substrate-bound form (Fig. 5) . Altogether it appears that the A conformation, observed in the presence and in the absence of ligands, represents the form of Thr1 that can bind the substrates and displays the arrangement characteristic of the domains promoting the adenylation reaction. The comparison between the two conformations of the ligand-free forms in the active site is shown in Fig. 7B .
Comparison with homologous adenylation domains of known structures
We compared Thr1 bound to the substrates and to AThr with the structures of two ANL adenylation domains bound to their products in the postadenylation state: the self-standing domain BcDltA involved in the activation of D-Ala [35] (pdb: 3DHV) and the osuccinylbenzoyl-CoA synthetase (bsMenE) [36] (pdb: 5GTD). In spite of the low sequence identity with Thr1, respectively 27% and 20%, they share the same fold (Fig. 2B) .
If these structures are superposed using the N-subdomain as the frame of reference, the 20°rota-tion of the C-subdomain around Asp423 at the beginning of a b-hairpin occurring upon substrate adenylation in Thr1 is highlighted (arrows in Fig. 8A ). This subdomain occupies intermediate positions in BcDltA and in bsMenE, with a 12°and 6.5°displacement with respect to the substrate-bound Thr1 (Fig. 8A) .
Comparing the active sites, the residues involved in the molecular recognition of the aminoacyl-or acyl moieties are different as expected, whereas the binding site of the adenine and ribose moieties is mostly conserved. Notable exceptions in the product-bound structures are the ribose O2 0 and O3 0 hydroxyls, which interact with both Asp406 and Arg421 in Thr1, whereas in bsMenE the O2 0 is bound only to the conserved aspartate. In BcDltA, the O2 0 interacts only with Asp383, equivalent to Asp406, while the O3 0 is stabilized by H-bonds with the Asp383 and Tyr394 that in product-bound Thr1 is far from the ribose moiety (Fig. 8B,C,D) . The catalytic lysine forms various interactions in the Thr1 active site: with O4 0 ribose cyclic oxygen, Glu286 side chain and Gly285 carbonyl, whereas it is oriented toward the adenylated product, but not involved in interactions with the active site residues in BcDltA and in bsMenE.
As far as the highly conserved residues, which are relevant for the structural and functional plasticity of the ANL proteins are concerned, we observed some differences between the three proteins complexed with their adenylate products that indicate a different progression toward a thioester-forming conformation. For example, the conserved aromatic residue in the A4 motif, usually a phenylalanine and in some cases histidine or tryptophane, is rotated toward the active site in the adenylateforming conformation, where it is hypothesized to stabilize the substrate, and outside the active site in the thioester-forming one, where it would hinder the entrance of the phosphopantetheine thiol moiety, as observed among others in 4-chlorobenzoyl-CoA ligase [18, 21, 23] .
In the product-bound Thr1, this residue (Phe211) points away from the active site, whereas in the other two proteins it is still oriented toward it. This is expected in BcDltA, where there is no rotation of the C-domain. The equivalent A4 residue (His196) is oriented toward the active site also in the product containing bsMenE, which is considered a postadenylation state. Thus, the orientation of the A4 conserved aromatic residue in the postadenylation states is not uniquely determined.
The P-loops of the three structures (residues 168-175 in Thr1, 152-165 in MenE and in BcDltA) are in very similar positions in Thr1 and in bsMenE, whereas this region is disordered in BcDltA.
Consistently with the more enhanced rotation of the C-subdomain in Thr1, that we propose to be stabilized by the Asp423-Arg421 electrostatic interaction, the Od1 of Asp423 and the Ne of Arg421 are found at a distance of 3.41 A; on the other hand in BcDltA the equivalent residues, Asp399 and Arg397 are at a 4.2 A distance and in bsMenE the corresponding residues, Ser384 and Arg382, are 4.90 A apart (Fig. 8B,C,D) . Altogether it seems that after substrate adenylation different extents of rearrangement of key structural features can be observed, indicating an overall structural plasticity highlighted by trapping due to crystal lattice forces. Ser, D-Ser and D-Ala. As shown in Table 2 , Thr1 is a relatively promiscuous domain. The kinetic parameters obtained for different substrates show that L-threonine is the best substrate, but its stereoisomers, L-and DSer and D-Ala are also activated (Table 2 and Fig. 9 ). We also tested the following amino acids:
-Glu, and L-Gln, which did not show activity in the conditions of our assay.
In order to gain understanding of the structural bases of substrate discrimination we have modeled the assayed substrates that showed detectable activity by superposing them to L-threonine in the substrates containing monomer of Thr1 (monomer A; Fig. 10 ). In all cases the substrate amino group can be held in place by the side chain of Asp212 and the carboxylic group can face the ATP a-phosphate, interacting with Ne of Lys515. The steric hindrance is quite similar in all cases, allowing accommodation in the binding pocket. The constrains imposed by optimal positioning of the amino acid substrate with respect to the ATP aphosphate and Lys515, and the interaction of its amino group with Asp212, provide rigid anchoring points that, in conjunction with the limited conformational space available for the tested alternative substrates, offer very few degrees of freedom to be exploited, supporting the reliability of the superposition procedure, that can be interpreted in good agreement with the functional data.
The amino acids that establish some of the contacts experienced by L-Thr have kinetic parameters closer to those of the natural substrate.
Discussion
Our work provides the first crystal structure of a threonine-specific adenylation domain and a contribution to the studies on the molecular mechanism of adenylate-forming enzymes belonging to the ANL superfamily. They catalyze two consecutive nucleophilic acyl substitutions: the formation of acyl-or aminoacyladenylate and the formation of acyl-or aminoacylthioester, rearranging the active site during the two steps of the catalytic cycle, by means of the interdomain rotation around a conserved hinge residue. Different relative orientations of N-and C-subdomains, depending on the presence/absence of ligands, product analogs, and acceptor domains have been observed in ANL enzymes [18] . The tertiary structures arising from the varying extent of rotation of the C-domain around a pivotal position (corresponding to Asp423 in Thr1) have been assigned to the ligand-binding, adenylation, and thiolation states [19, 20, [37] [38] [39] . Conformational transitions could be present also in the resting state, as Table 2 . The steady-state kinetic constants measured for Thr1. shown in the ANL domain in o-succinylbenzoyl-CoA synthetase structure [33] . Crystallization of Thr1 in the absence of its substrates shows two independent copies in the asymmetric unit differing mainly in the relative orientation of N-and C-subdomains, monomer A and B, where the C-subdomain is rotated by 20°, in a more 'closed' conformation. Cocrystallization with substrates yielded the same asymmetric unit content and different conformations of the two Thr1 molecules, monomer A bound to ATP and L-threonine, in a precatalytic state and monomer B containing the reaction product, AThr.
The presence of one molecule containing the substrates and of another one containing the product of the reaction is unprecedented in the NRPS literature, and allowed us to compare different stages in the adenylation catalytic cycle. In the substrate-bound monomer A, the catalytic Lys (Lys515 in Thr1), binds the carboxyl group of the amino acid substrate and Given the caveat of packing effects that cannot be excluded in any crystal structure, we considered that (a) since monomer A selectively binds the substrates and monomer B selectively binds the product and (b) given the positioning of the catalytic amino acids, we can tentatively assign a precatalysis form to A and a postcatalysis one to B. We therefore hypothesize that unbound Thr1 can oscillate in solution between different conformations and the molecules in form A would bind substrates, whereas the product-bound form B represents a postadenylation state, awaiting for the thiolation reaction.
Moreover, the constrains due to the crystal packing allow us to observe the adenylation domain, bound to the substrates, in a conformation preceding the formation of the transition state, which presumably resembles closely the catalytically competent conformation. This allows us to hypothesize the sequence of events that eventually promote the formation of the product and the conformational switch.
The trigger for locking the rotated C-subdomain of molecule B upon product formation appears to be the shift of ribose and L-threonine due to the anhydride bond formation. On one side, this displacement induces Arg421 to lean on the hinge residue Asp423, activating the subdomain rotation. On the other, it causes Phe211 to flip, bending the 511-515 loop and ultimately inducing displacement of the P-loop, that contacts Arg421, thus locking the C-subdomain in the rotated state.
Another key factor inducing the P-loop rearrangement is the departure of the PPi from the active site. The P-loop appears to experience extensive mobility in the unrotated ligand-free form A, achieving a higher degree of order upon substrates binding or intersubdomain rotation. Only in the product-bound form B, where rotation, catalysis, and PPi departure have taken place, the P-loop is fully ordered.
The structure of the product-bound Thr1, with minor modifications of the active site, represents a postadenylation state and not the thiolation one, where a major rotation of the C-subdomain causes the relocation of the A8, A9, and A10 core motifs, leading to an extensively modified active site with different catalytic amino acids, in order to transfer the activated amino acid to the phosphopantetheine moiety [21, [38] [39] [40] .
The X-ray structures of Thr1 cocrystallized with its substrates also provided a contribution to the studies on the nonribosomal code. Precise information on the interactions between the residues lining the enzyme active site and the amino acid substrate is highly desirable for progress in studies of the nonribosomal code, the set of residues that determines the recognition of a particular amino acid substrate. However, while some domains recognize only one substrate, many are promiscuous; moreover the code is degenerated. The first X-ray structure of an NRPS adenylation domain, phenylalanine-activating (PheA) cocrystallized with its substrate [19] allowed the identification of the active site and showed the architecture of the substrate-binding pocket; subsequently more structures of NRPS adenylation domains have been determined [28, [35] [36] [37] [38] [39] [40] [41] [42] [43] . The sequence alignment of a number of adenylation domains of known substrate specificity, homology modeling and docking simulations led to the identification of the conserved residues lining the active site in domains activating specific amino acid [30] . Structure-based in silico virtual screening methods have also been developed [44, 45] .
The structure of Thr1 cocrystallized with both substrates is therefore particularly interesting because it provides precise information on the role of the residues of the nonribosomal code in stabilizing the amino acid substrate. According to Stachelhaus et al. [30] the amino acids in substrate-defining positions that confer specificity for threonine are DFWNI(V,L)GMVHK and the Thr1 sequence is in very good agreement as far as occupation of these canonical positions is concerned (Fig. 11) . Sequence analysis of PvdD [46] and FenD [47] from the pyoverdine and fengycin biosynthetic clusters that display strict substrate specificity for threonine showed a similar set of 10 canonical residues of the nonribosomal code with respect to Thr1. SyrB1 from the syringomycin biosynthetic cluster also shows high specificity for threonine [14, 17] , but in this enzyme, the canonical Asn residue in position 278 is replaced by a Ser. The equivalent of position 299 is occupied by isoleucine in the above mentioned adenylation domains and by a valine in Thr1.
The structure of Thr1 allowed us to assign a role to the NRPS specificity conferring residues for L-threonine. Seven of the canonical positions, namely DFGV(318) MHK establish contacts with L-threonine (Fig. 11) . While the conserved K515 and D212 interact with the carboxyl and amino group of the amino acid and play a general role in catalysis, five residues form different and specific interactions with the L-threonine. More in detail, M310, V318, and H319 interact with L-threonine either directly or by H-bonding via a bridging water molecule (Fig. 11C) , whereas Phe213 is and G284 are in vdW contact with the methyl group. The three remaining position of the NRPS code, WNV(282) do not establish direct contacts with the substrate, but contribute to the overall architecture of the active site, fixing the position of His319 and Phe213 that are crucial for threonine recognition within the tightly packed protein core. The specificity conferring M310 interacts also with the adenine, both in the substrates containing monomer A and in the adenylate-containing monomer B. Lastly, the amino acid moiety of the aminoacyl-adenylate is stabilized by additional interactions with two residues in the active site (G285, I313), not included in the NRPS code.
In conclusion, the structures of Thr1 in complex with substrates and product provide snapshots of the interactions of this enzyme with the chemical species involved along the reaction coordinate. As the reaction progresses from ATP and L-threonine to A-Thr, different residues in the active site are recruited to assist substrate binding and/or catalysis.
The presence of two distinct subdomain arrangements both in crystals of the unliganded and liganded forms suggests that these two forms, presumably belonging to an ensemble of conformations in solution, could reflect two different steps of the catalytic cycle, namely the binding of the substrates and the postadenylation state that locks and protects the product.
In the light of the unresolved issues regarding the nonribosomal code, our work provides precise information on the role of the specificity conferring residues, as we have assigned specific interactions that lead to L-threonine binding and substrate discrimination. This information could guide targeted mutations in adenylation domains, in an attempt to enhance or modify substrate specificity. Indeed a deeper knowledge of the properties and structure-function relationship of these enzymes, which are the gatekeepers of nonribosomal assembly lines is interesting for biotechnological applications, namely for the synthesis of novel biologically active peptides by combinatorial biosynthesis, or for the optimization of their production.
Materials and methods
Preparation of the pET28thr plasmid
To produce Thr1 as N-terminally His-tagged protein, pET28thr plasmid, carrying the entire 4-chlorothreonine gene cluster, was prepared. The 5 0 -region of thr1 gene encoding the first 174 amino acids was amplified by PCR from the pGEMT vector as described [16] . The primers used were: P1- region of the thr1 gene, was extracted from pBluescript II KS vector [16] and cloned in frame into BamH1 site of the pET28a plasmid described above. The resulting plasmid pET28thr was sequenced and used to transform Escherichia coli BL21 (DE3) cells.
Expression and purification of the His-tagged Thr1
Recombinant His-tagged Thr1 was expressed in E. coli BL21(DE3). Cells were grown to OD 600 0.6-0.8 at 37°C and induced with 0. 
Determination of the kinetic parameters of Thr1
In this assay, malachite green is used to measure orthophosphate (P i ) concentrations after degradation of the PPi released during aminoacyl-AMP formation by action of adenylation domains, by inorganic pyrophosphatase. The reaction mixture (20 lL) contained 20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 1 mM ATP, inorganic pyrophosphatase 0.1 UÁmL À1 , 17.5 lM Thr1 and the substrate amino acid at different concentrations. The reaction was initiated by addition of ATP and stopped after 2 min by addition of the malachite-molybdate reagent and 60 lL of distilled water [48] . Each amino acid concentration was assayed in four independent experiments. The control assay was performed in the absence of Thr1. Preliminary experiments were carried out to identify the optimal enzyme concentration and reaction time to achieve linearity of initial velocity. Phosphate concentration was assessed by means of the standard phosphate calibration curve. Velocity against substrate concentration was fitted in Kaleidagraph software package. Four independent measurements were performed for each substrate concentrations. The plots of kinetic data from which the K M and the k cat were calculated, are shown in Fig. 9 .
Crystallization and X-ray data collection
Crystallization screening was carried out at 294 K using the vapor-diffusion method in 96-well sitting-drop plates (MRC plates; Molecular Dimensions, Newmarket, UK). Preliminary crystallization trials were carried out using commercial screens (Classic Screen 1 and 2 from Qiagen, Hilden, Germany) and were performed with a Phoenix liquid-handling robot Diffraction data have been collected on beamline BL14.1 operated by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron storage ring (Berlin-Adlershof, Berlin, Germany) [49] , using a Pilatus detector. Data were processed using XDS [50] and converted into an mtz file using XDSCONV with a script to run F2MTZ in the CCP4 suite [51] . Unliganded and liganded crystals of Thr1 were isomorphous in the C2 space group with the unit-cell parameters a = 178.6, b = 52.6, c = 110.0 A, b = 104.4°. The crystals showed anisotropic diffraction. A Matthews coefficient of 2.1 A 3 Da À1 was observed assuming two subunits per asymmetric unit, with a solvent content of 41%. Data summary is given in Table 1 .
Structure determination and refinement Molecular replacement was carried out to determine the initial crystallographic phases, using the program MOLREP [52] from the CCP4 suite. The structure of the ligandbound form of Thr1 was determined using the coordinates of NRPS adenylation protein CytC1 from Streptomyces sp. bound to ATP as search model (pdb: 3VNQ, 56% sequence identity). The coordinates of the ligand-bound crystal form were used to solve the structure of the ligand-free form of Thr1. Initial atomic models were subjected to iterative rounds of building and refinement using REFMAC5 [53] in CCP4 suite and PHENIX.refine [54] , applying the TLS routine, for refinement and COOT [55] for model building and manual readjustment. Solvent molecules were added into the Fo-Fc density maps, contoured at 3r, by means of the FIND WATERS tool of COOT. Five percent of the reflections were excluded from refinement for cross validation by means of free R-factor. Secondary structure assignment was performed using the Kabsch and Sander algorithm and geometrical quality of final models was assessed using PRO-CHECK [56] . Final statistics are shown in Table 1 
